Abstract. Cu-Nb nano-layered material was produced through an accumulative roll bonding (ARB) technique. Using this technique, two different rolling schedules were employed to produce a normal and transverse rolled material. This resulted in specimens with differing microstructures within the 135nm thick nano-layers and interface structures between the layers. The dynamic response of these bulk Cu-Nb nanocomposites was then investigated under planar shock loading. It was observed in dynamically fractured specimens that the characteristics of ductile failure features formed on the fracture surface after dynamic loading were dependent upon the processing route of the nanocomposite. Specifically, grain shape differences due to dissimilar rolling passes are linked with differences in the failure response, particularly kinetics of fracture. In addition, incipient failure immediately below the primary fracture surface was also observed. Numerous nanovoids were nucleated and aligned linearly in the middle of Cu layers within the shocked Cu-Nb nanocomposites. These observations indicate relative stability of Cu-Nb interfaces produced by the ARB methods utilized in this study under dynamic loading conditions.
Introduction
There are a number of environments for which materials are subjected to dynamic loading [1] [2] [3] [4] . These include defense, aerospace, and automotive applications. In the laboratory environment, dynamic loading can be examined in a number of ways. One well established technique is plate impact loading as it readily lends itself to investigation of fundamental mechanisms of dynamic deformation [5] [6] [7] [8] [9] . Through proper geometrical design, both dynamic compression and tension can be readily produced within shocked specimens and specimens can then be soft recovered for post mortem inspection.
Multilayer composites have shown unique behavior under shock loading. Due to differences in the mechanical properties of the component layers, multilayer composites are comprised of periodic heterogeneities that can produce impedance differences at the interfaces [10] [11] [12] [13] [14] [15] . These interfaces may cause numerous shock wave reflections and interactions, which lead to changes in the propagating wave structure. In this way, the ability for laminated geometries to alter and attenuate shock waves makes them a potential material for energy absorbing applications. While numerous investigations have been dedicated to the influence of heterogeneous structures on the propagation and dissipation of shock waves [10] [11] [12] [13] [14] [15] , few studies that probe the role of multilayer composite processing on the dynamic deformation and damage response exist [16] [17] [18] [19] [20] [21] [22] [23] . This is particularly important because it has recently been shown that differences in the processing of these multilayer composites can lead to differing interface structures [24] [25] [26] . Furthermore, it has been shown that deformation and damage under dynamic conditions in polycrystalline materials is strongly linked with interface structures [27, 28] . Therefore, the role of processing on the dynamic response of multilayer composites must be understood to design such materials to withstand catastrophic failure under high strain rate conditions. Recently, bulk Cu-Nb nanocomposites have been fabricated by using accumulative-roll-bonding (ARB) [24] [25] [26] . These materials can be processed as 0.02m 2 sheets with a thicknesses of a couple of millimeters while the individual layers of the composites are on the nanometer length scale, as thin as 10 nm. The ARB Cu-Nb nanocomposites have a well-investigated distribution of interface types, primarily the Cu{112}<110>//Nb{112}<111> interface and secondarily, the Cu{110}<110>//Nb{112}<111> interface [24] [25] [26] . These interfaces are atomically faceted and differ from the atomically flat interfaces of the physical vapor deposition (PVD) prepared Cu-Nb nanocomposites [29] . However, the successful fabrication of bulk Cu-Nb nanocomposites by ARB enables detailed investigation of deformation mechanisms of nanolaminates under dynamic tensile loading.
In this study, the dynamic response of two differently processed, bulk Cu-Nb nanocomposites with a nominal layer thickness of 135 nm under planar shock loading is examined. Here, it is observed that ductile damage features on the fracture surface and the kinetics of fracture depend on the ARB rolling history. However, failure stresses for both materials are similar. This is attributed to the fact that for all materials examined in this study, incipient damage, in the form of nanovoids, nucleated in the middle of the Cu layers, suggesting that damage initially nucleates within the Cu layers and not at the Cu-Nb interfaces. This failure evolution is rationalized in terms of the ARB induced microstructures.
Experiments
ARB Cu-Nb Composite Processing. ARB Cu-Nb nanocomposites were fabricated using repeated roll bonding, cutting, stacking, and further rolling. The process began with one plate of polycrystalline reactor grade Nb (99.97% purity) and two plates of oxygen-free high conductivity Cu (99.99% purity) with a thickness of 1 mm and 0.5 mm respectively. Roll bonding was performed at room temperature with approximately ~50% reduction in thickness [24] [25] [26] . Finally, the sample was cut in half and the process described above was repeated. To promote bonding, and mitigate contamination of the bonds, special attention was paid to preparing bonding surfaces prior to each rolling step [24] [25] [26] . Each iteration resulted in a doubling of the number of layers in the composite and a factor of two reduction in individual layer thickness. Through this process, composites with individual layers from several hundred µms down to 10nm were fabricated. The average values of the layer thickness were estimated based on the number of layers and the overall sample thickness. However, the individual layer thickness has a log-normal distribution and for the materials utilized in this study the peak of that distribution was near the average value of 135nm.
In this study, two types of nanocomposites were processed. The first was a normal rolled (NR) material and the second was a transverse rolled (TR) rolled material. The NR Cu-Nb material was fabricated via rolling a nanocomposite with a nominal layer thickness of 200 nm down to 135 nm and keeping the original rolling direction (RD). In contrast, the TR Cu-Nb material was rolled to 135 nm from a 200 nm layered sample while rolling along the original transverse direction (TD). The final Cu-Nb plate thickness was ~0.6 m for both NR and TR Cu-Nb nanocomposites. Texture evolution for both the TR and NR materials, as well as the starting 200nm layer material, as measured by neutron diffraction, is shown in Fig. 1 . The texture data shows obvious differences in the interfaces of the NR and TR materials. For example, the 135nm layer NR material has a similar predominant interface structure as the original 200 nm layer material -interfaces are predominantly Cu{112}<110>//Nb{112}<111> type. In contrast, the 135nm layer TR material has two predominant types of interfaces: the Cu{110}<111>//Nb{111}<110> type and the Cu{110}<111>//Nb{001}<110> type. Before high strain rate loading, the RD and TR directions were marked to correlate the deformation and damage features with rolling history.
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Metal Forming 2014 Previously, the size and shape of the grains in the NR and TR materials has been examined [30] . The measurement demonstrates that, ~80% of the grains in the NR sample have a grain size of 1 to 10 µm along the RD and 0.35 to 1 µm along the TD. This measurement highlights the significant elongation of grains along the RD direction in the NR specimens. In the TR Cu-Nb nanocomposites, ~90% of grains have a size of 0.32 to 3.2 µm along both the RD and TD, indicating pancake shape grains in the TR Cu-Nb.
Dynamic Experiments.
All dynamic experiments performed in this study were performed using plate impact techniques. Details of these experiments are given elsewhere [19] , but here we provide a brief description. Plate impact experiments were conducted on a smooth bore, 80 mm gas gun. In these experiments, a bulk Cu-Nb plate (4 mm in diameter and 0.6 mm in thickness) embedded in a Cu holder was utilized as the target. Pure Cu with a thickness of half of the target was utilized as the flyer to create a symmetric impact experiment. This experiment is designed such that after impact, release wave interactions occur in the bulk Cu-Nb specimen and produce dynamic tension [31] . When the tensile stress is larger than the failure strength of the material, damage is nucleated in the specimen. In polycrystalline materials, this failure strength is typically referred to as the spall strength. During the plate impact experiments conducted in this study, the free surface velocity (FSV) profiles were recorded using photon Doppler velocimetry (PDV). The peak shock stress was calculated from the impact velocity and known shock equations of state for the flyer and target materials [31] [32] [33] [34] , such as, (1) where is the density of target material, is the bulk sound speed, is an empirical parameter ( for Cu) and is the flyer speed. The estimated peak shock stress for the experiment described above was ~7 GPa.
Metallographic Characterization. The damage in the soft-recovered, shocked, 135 nm NR and TR Cu-Nb nanocomposites was examined with scanning electron microscopy (SEM) and transmission electron microscopy (TEM). SEM permitted detailed examination of the fracture surfaces of all specimens. Cross-sectioned TEM (XTEM) samples, in the plane of the shock direction, were prepared for detailed microstructural observation before and after shock loading. These specimens enabled characterization of incipient damage underneath the primary fracture plane of dynamically loaded specimens. The deformed microstructures were prepared into thin foils by focused ion beam (FIB) milling. SEM was performed on an FEI Inspect F using a voltage of 20 keV and TEM was conducted on an FEI Titan operated at 300 keV with a field emission gun.
Results
Dynamic experiments were conducted to examine the effect of rolling schedule induced microstructures on the dynamic properties of the Cu-Nb nanocomposite materials. The influence of these microstructures on damage evolution and kinetics was examined.
Dynamic Fracture of the ARB Cu-Nb Composites: In-situ Data. Free surface velocity (FSV) data for the NR and TR Cu-Nb nanocomposites during shock loading is provided in Fig. 2 . After the full pulse duration of the peak shock stress is reached, a clear pull-back signal, can be identified on the FSV-t curves shown in Fig. 2 . The pull-back signal is interpreted to be a direct indication of the initiation of fracture. Based on the FSV data, the spall strength of both of the ARB Cu-Nb nanocomposites can be estimated using Eq. (2) [32, 33] ,
where is the difference in free surface velocity from the peak state to the valley during spallation, as marked by the red arrows in Fig. 2 . The estimated spall strengths for both NR and TR Cu-Nb nanocomposites are similar, ~0.893 GPa and 0.844 GPa, respectively. Also, it is interesting to note that the spall strength of the ARB Cu-Nb composites is less than the spall strength of coarsegrained Cu (~1.3 to 1.5 GPa) [27, 34] and Nb (~4 GPa) [35] under similar planar shock loading conditions. The lower macroscopic spall strength in Cu-Nb composites may be explained by two considerations. (1) Wave reflections within the layered structure may create local stress concentrations for failure that far exceed the macroscopic peak stress measured for the specimen. These stress concentrations would likely result in damage in the form of void nucleation. Another consideration is (2) weak bonding between layers in specific locations due to contamination during the rolling process. While every attempt was made to minimize this contamination, even small degrees of it may govern tensile failure. While not much difference is observed in the spall strength of the two materials, there is a difference in the wave profile immediately after the minima, signified by the red arrows in Fig. 2 ) has been reached. For the transverse rolled material the minima is reached and no subsequent rise in FSV is observed. However this is not the case for the normal rolled material. In that case, a minima has been reached and quickly thereafter, a small rise in the FSV trace in Fig. 2 , is observed. Similar differences in FSV data have been observed in high purity copper by Escobedo et al. [27] . There, these differences were rationalized in terms of the classical wave profile interpretations [36] who explain for materials that promote higher rates of void growth, there will be a faster rise to a 
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Metal Forming 2014 peak in FSV after the minima is reached. Thus the lack of a subsequent rise in FSV profile may be correlated to a nucleation dominated damage event, one in which growth of voids is limited. Conversely, after reaching a minima in FSV, if a subsequent rise in FSV data is observed this correlates most directly with growth controlled damage evolution.
Dynamic Fracture of the ARB Cu-Nb Composites: Post Mortem Examination. With regard to post mortem characterization, all soft recovered, fully spalled ARB Cu-Nb samples were collected and cleaned ultrasonically in acetone. The damage features on the fracture surfaces of the spalled NR and TR Cu-Nb composites were examined using SEM. Fig. 3 shows the main damage features found on the fracture surfaces of the fully spalled NR and TR Cu-Nb nanocomposites. The thicknesses of both halves of the fractured NR and TR Cu-Nb samples were measured and found to be the same, indicating that spallation roughly occurred in the middle of the specimen, as designed.
The ductile dimples on all of the fracture surfaces are indicative of late stage, coalesced voids that formed prior to final failure and they demonstrate a highly ductile deformation process preceding final failure for these materials. Figure 3a shows that for the NR specimens, the voids tend to assemble along the RD, vertical along the page. The morphology of the ductile dimples in the shocked NR sample can be represented by the elongated black rectangle marked in Fig. 3c with a very high aspect ratio, being long along the RD and short along the TD, horizontal along the page. In contrast to the elongated dimples formed along the RD in the NR sample, the dimples on the fracture surface of the shock loaded TR Cu-Nb samples, Fig. 3b show a different feature. These dimples tend to assemble along both the new RD and old RD, forming a square shape with an aspect ratio of ~1, as shown in Fig. 3d . While the size of the dimples is rather large, the geometric assembly of the dimples during spallation may be related to the distinct difference in the as-rolled grain structures of the two types of samples. shock-loaded specimens. These specimens were sectioned such that the shock direction was in the plane of the FIB foil and that this foil would yield information regarding damage just below the fracture surface of the NR and TR ARB Cu-Nb specimens. Then these foils were viewed in the SEM. As demonstrated in Fig. 4a , this process was able to reveal the presence of incipient voids, a few hundred nanometers to ~1 µm in size, just beneath the fracture surface of the fully spalled specimen. The larger voids were observed to be elongated within the layer and short along the normal direction (ND) or shock loading direction. Unfortunately, these larger voids that cross several layers are not ideal for examining linkages between void nucleation and microstructure in the nanocomposites material. However, voids nucleated in single layers were observed as well. For example, it can be seen that there is a void less than 500 nm in size nucleated in the middle of a Cu layer in Fig. 4a . This feature is typical of what was observed with regard to similar sized voids in other FIB foils. It seems that the formation of such voids has little to do with the Cu-Nb interface. These observations on the FIB-lifted samples from fractured specimens suggest that the incipient voids most likely nucleate within the Cu layers. The FIB-lifted Cu-Nb foils were thinned further after SEM characterization, to an electron transparent thickness and then examined using TEM. Fig. 4b shows incipient damage away from the primary fracture plane in the shocked ARB Cu-Nb nanocomposites. While no deformation twins or complex dislocation structures were identified, nanovoids were frequently observed in the Cu layers. Fig. 4b displays an example of many nanovoids formed in the middle of a Cu layer and these nanovoids traverse a vertical Cu grain boundary. Some of the nanovoids formed at the vertical grain boundary, while most of them nucleate in the grain interior. By comparing the features imaged under defocus and scanning imaging conditions (not shown here), it was confirmed that the nanoscale features are voids. within the copper are identified.
Discussion
The primary difference in the NR and TR materials prior to deformation was the distribution of interface structures and grain morphology in the layers. Under dynamic loading conditions created by plate impact conditions both interface structures were found to be relatively stable. As shown in Fig. 4 , damage is observed to initiate in the Cu-nanolayers and this results in similar spall stresses for both materials. The reasoning for the promotion of spall within the Cu nanolayers at a global spall stress less than that for spall in a polycrystalline Cu material, has previously been rationalized in terms of the complex wave interactions that occur in the nano-composite material [37] .
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Here, the focus of the current discussion is on the observed difference in fracture kinetics. The FSV profiles given in Fig. 2 display that a faster fracture, reliant on growth and coalescence, occurs in the NR material as compared to the TR material. Additionally, the late stage fracture processes result in differing fracture surface morphologies between the NR and TR materials as is observed in Fig. 3 .
The fracture behavior of NR and TR Cu-Nb nanocomposites appears to rely on the dissimilarity of the as-rolled microstructures. Interestingly, the aspect ratio of the ductile dimples on the fractured NR and TR Cu-Nb nanocomposite surfaces display trends similar to that of the grain shape differences as a function of rolling schedule. For example, ductile dimples are elongated (100 to 250 µm) along the RD and short (25 to 30 µm) along the TD for the fracture surface of the NR CuNb nanocomposite. However, the aspect ratio of the ductile dimples on the fracture surface of the TR specimen is nearly 1 with similar dimple lengths (20 to 50 µm) measured along both RD and TD directions.
Although the size of the dimples is an order of magnitude larger than the grain size in the asrolled samples reported in the experimental section, the aspect ratio similarity suggests that the difference in fracture morphology is due to the processing induced grain shape. First, voids are nucleated in the Cu layers during shock loading. Through their growth and coalescence, an incipient spall layer is formed in Cu. Some of the large voids reach the Nb phase and will stop growing, preferring to propagate within the Cu phase. On the spall plane, it would be expected that the voids mainly nucleate along the grain boundaries within the individual Cu layers [27, 30, 34, 38] while growing and propagating primarily in the Cu layer. In this way, the elongated grains in the NR CuNb nanocomposites would guide void growth mostly along RD. This would then lead to relatively long distances (grain size is elongated in the RD direction) over which fracture can occur rapidly. Additionally, this process would also result in the fracture morphologies observed in Fig. 3c . In contrast, the pancake shaped grains in the TR Cu-Nb nanocomposites could tend to promote rapid void growth over shorter distances than are available in the NR material as its pancake shaped grain structure does not have an elongated direction in the copper layer. It is thus postulated here, that this would result in slower, overall void growth and coalescence rates as well as the fracture surface morphology observed in Fig. 3d .
Once voids have grown and coalesced to some critical volume, the bulk strength of the material drops and full fracture occurs. However, the original grain aspect ratios of the as-rolled specimens result in different fracture morphologies for the NR and TR specimens and are the only post mortem signature of the kinetic differences in the fracture response of the two differently processed materials.
Summary
In the following study, Cu-Nb nanocomposites have been processed utilizing an ARB technique. Differences in the final rolling schedule (a NR versus a TR final roll), created structures that had differing textures and grain morphologies. Additionally, this process led to differing interface structures between Cu and Nb layers. To understand how this difference in processing affected the dynamic properties of such materials, the differently processed ARB nanocomposite structures were subjected to plate impact loading.
It was found that the interfaces created in both materials, were highly stable and that fracture in the form of void nucleation was not preferred at the multi-layer interfaces. Instead, it was preferred in the Cu layers. This led to similar damage nucleation or spall strengths of the materials.
However, it was also observed that after the onset of void nucleation, the kinetics of the damage processes differed between the two materials. Specifically, FSV profiles indicate that void growth and coalescence processes were faster in the NR versus TR specimens. This is attributed to fast void growth and coalescence being promoted along elongated copper grains in the NR material that do not exist in the TR specimens. Consistent with this postulated process is the fact that the final fracture surfaces of the NR specimens indicate that fracture surface ductile dimples are elongated in the same direction as the grain elongation or RD direction. This same feature is not observed in the TR fracture surfaces.
